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Human immunodeficiency virus (HIV) entry into cells is initiated by the
binding of its envelope glycoprotein (Env) gpl120 to receptor CD4.
Antibodies that bind to epitopes overlapping the CD4-binding site
(CD4bs) on gp120 can prevent HIV entry by competing with cell-associated
CD4; their ability to outcompete CD4 is a major determinant of their
neutralizing potency and is proportional to their avidity. The breadth of
neutralization and the likelihood of the emergence of antibody-resistant
virus are critically dependent on the structure of their epitopes. Because
CD4bs is highly conserved, it is reasonable to hypothesize that antibodies
closely mimicking CD4 could exhibit relatively broad cross-reactivity and a
high probability of preventing the emergence of resistant viruses.
Previously, in a search for antibodies that mimic CD4 or the co-receptor,
we identified and characterized a broadly cross-reactive HIV-neutralizing
CD4bs human monoclonal antibody (hmAb), m18. Here, we describe the
crystal structure of Fab m18 at 2.03 A resolution, which reveals unique
conformations of heavy chain complementarity-determining regions
(CDRs) 2 and 3 (H2 and H3). H2 is highly bulged and lacks cross-linking
interstrand hydrogen bonds observed in all four canonical structures. H3 is
17.5 A long and rigid, forming an extended P-sheet decorated with an
a-turn motif bearing a phenylalanine-isoleucine fork at the apex. It shows
striking similarity to the Ig CDR2-like C'C” region of the CD4 first domain
D1 that dominates the binding of CD4 to gp120. Docking simulations
suggest significant similarity between the m18 epitope and the CD4bs on
gp120. Fab m18 does not enhance binding of CD4-induced (CD4i)
antibodies, nor does it induce CD4-independent fusion mediated by the
HIV Env. Thus, vaccine immunogens based on the m18 epitope structure
are unlikely to elicit antibodies that could enhance infection. The structure
can also serve as a basis for the design of novel, highly efficient inhibitors of
HIV entry.
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Introduction

The human immunodeficiency virus (HIV) enve-
lope glycoprotein (Env) gpl20 binds to receptor

Virus entry into animal cells is initiated by
binding to cell surface-associated receptors.'
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CD4, triggering a cascade of events leading to
virus—cell fusion and infection. Antibodies elicited
by natural infection or immunization can interfere
with this process by binding to Env and interfering
with certain stages of the viral entry process.
However, HIV has evolved to resist the neutralizing
activity of antibodies by various strategies, includ-
ing rapid generation of mutants with altered
structures of antibody epitopes. During the long
chronic infection phase, the immune system
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responds by generating a variety of antibodies,
some of which exhibit unique properties. Of the
many known human monoclonal antibodies
(hmAbs) that bind the Env, only a few exhibit
potent and broad HIV-1 neutralizing activity in vitro
and can prevent HIV-1 infection in animal
models.” These antibodies target conserved viral
structures that are critical for the mechanism of cell
entry. The CD4-binding site (CD4bs) on gp120 is
highly conserved and is an obvious target for such
antibodies.

Many hmAbs with epitopes that overlap the
CD4bs on gp120 have been characterized, including
b12,°'? b6,”!? 15e,'® 5145A,'* F105,'° F91,1°
1125H,'7 21h,"*'® 654-30D,"” m14,”’ and m18.>
The molecular mechanisms of antibody function,
which determine the potency and breadth of HIV-1
neutralization, have been studied most extensively
for b12."** Although CD4bs antibodies frequently
exhibit broad reactivity with monomeric gp120, b12
is unique in neutralizing many HIV-1 isolates from
different clades.”*?* The difference in the neutra-
lizing activity between bl2 and most CD4bs
antibodies was ascribed to the ability of bl2 to
bind with high affinity to both monomeric and
trimeric forms of gpl20, whereas most CD4bs
antibodies bind predominantly to the monomeric
form. Another unique feature of bl2 related to its
potent HIV-neutralizing activity is the lack of
significant conformational changes upon its inte-
raction with gp120, in contrast to other anti-gp120
antibodies.”® The crystal structure of b12 revealed a
long, protruding, and rigid complementarity-
determining region (CDR) H3, which could reach
deep inside the CD4bs on gp120.** Long H3s have
been observed also in CD4-induced (CD4i) anti-
bodies (antibodies targeting hidden epitopes on
gp120, which become highly exposed after CD4
binding), such as Fab 17b 627 ‘and Fab X5,2%%
and anti-gp41 antibodies, such as 2F5,2931 and
4E10.%* Tt appears that these antibodies contain
long, protruding H3s that can reach recessed
binding sites. Interestingly, some CD4i antibodies
(e.g. 412d) mimic certain aspects of the HIV
co-receptor CCR5, including tyrosine sulfation of
its N terminus.*”>%

In a search for antibodies that could mimic CD4
or co-receptor, we have recently identified a cross-
reactive HIV hmAb Fab m18 that binds to a variety
of recombinant soluble Envs from different clades,
and can inhibit cell fusion and virus entrzy
mediated by Envs from primary HIV isolates.”
Here, we present the crystal structure of Fab m18
and compare the structure with the CD4bs
antibodies b12** and F105.* The m18 structure
reveals unique H2 and H3 conformations. The H3
motif is rigid and protruding; it strikingly
resembles the CDR2-like loop C'C” of the CD4
first domain D1, which dominates the binding of
CD4 to gp120 as observed in the crystal structure of
the CD4-gp120-17b complex.”® Docking simu-
lations of the m18-gp120 complex using the crystal
structures of CD4-bound®® and CD4-free*® gp120,

along with mutagenesis data, suggest similar
interactions of m18 and CD4 with gp120.

Results and Discussion

Overall structure of Fab m18

Although many CD4bs antibodies have been
characterized,'"'® structural information is avail-
able only for b12.** The sequences of the variable
domains of the heavy (Vy) and the light (V1) chains
of Fab m18 are 46% identical with and 63% similar
to those of b12, suggesting a significant degree of
similarity between the frameworks supporting the
combining sites of the two antibodies. However,
their hypervariable regions are significantly differ-
ent. The sequences of the constant domains of the
heavy (Cp;) and light (Cp) chains of Fab m18 are
identical with those of bl2, except for two
mutations in each chain. Structural alignment
between ml18 and bl2 based on the constant
domains revealed a notable shifting of the variable
domains between the two antibodies. This differ-
ence in the orientation of variable domains between
the two structures caused the failure of our
molecular replacement attempt using the entire
Fab b12 as the search model. Using the constant
domains of b12 alone, we obtained outstanding
molecular replacement solutions. The locations of
variable domains were revealed by difference
Fourier synthesis as described in Materials and
Methods. The data collection parameters and
refinement statistics are given in Table 1. The crystal
structure of m18 (Figure 1(a)) contains three Fab
molecules in the asymmetric unit, which are
referred to as Mol A (chains A and B), Mol B
(chains C and D) and Mol C (chains E and F),

Table 1. Data collection parameters and refinement
statistics for Fab m18

Space group P2,
Unit cell parameters

a(A) 48.6

b (A) 82.6

c(A) 187.2

B (deg.) N 95.3
Resolution range (A) 29.25-2.03
No. unique reflections 81,882
Completeness (%) 85.8 (69.1)°
I/a(I) 3.5 (7.6)*
Runerge (%) 0.087 (0.316)"
R-factor (%) 22.5
Rfree (0/0) 26.9
No.%mino acid residues, average B-factor 1307, 31.7

(A c
No. water molecules, average B-factor (AZ) 499, 31.4
RMSD bond lengths (A) 0.007
RMSD bond angles (deg.) 14
Ramachandran plot

Most favored ¢ and ¢ angles (%) 86.5
Disallowed ¢ and ¢ angles (%) 0.6

? Values in parentheses are values for the outmost shell of
reflections, 2.10-2.03 A.
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respectively. Chains A, C, and E are the light chains,
and B, D, F are the heavy chains. The three Fab
molecules are packed tightly in a column along the
crystallographic 2, axis, interacting with each other
in a head-to-tail fashion, with the Vi domain of one
Fab contacting the Cpy; domain of another
(Figure 1(b)). Specifically, H3 mediates the Fab-
Fab interactions by inserting the side-chain of Phe99
into a hydrophobic pocket in the Cyy; surface of the
neighboring Fab molecule, burying a surface area of
146 A% This closely resembles the gp120-CD4
interaction in which the hotspot residue Phe43 of
CD4 is inserted into the second hydrophobic pocket
of the gp120 surface, resulting in a buried surface
area of 152 A%.*® The averaged temperature factors
of the three Fab molecules are within the range of
30-32 A% and the root-mean-square (RMS) devi-
ations for C* positions range from 0.4-0.8 A among
the three molecules. The buried surface areas
between Mol A and Mol B, Mol B and Mol C, and
Mol C" (symmetry-related) and Mol A are 908 A2
997 A%, and 1110 A?, respectively, indicating some
differences in the packing and arrangement of
interfacial residues. The electron density maps for
Mol A, which define the conformations of H2 and
H3 unambiguously, are shown in Figure 2(a) and
(b), respectively. The H2 motif contains residues
50-65, among which Tyr52 points to the interior of
the motif and makes a hydrogen bond with Asn58.
The H3 motif contains residues 95-102 with an
insertion of six residues after position 100 and
contains hydrophobic residues Phe99 and Leul00,
which are exposed at the tip. The Ramachandran
plot37 shows that the ¢/¢ torsion angle distri-
butions are similar to those observed in other well-
refined structures, including two exceptions (Ala51
and GIn29 in the CDR L2 region) generally
observed in many immunoglobulin structures,?-

| MolC'

(O Mol A

Figure 1. Overall structure of Fab
m18. (a) The ribbon diagram shows
one of the three m18 molecules in
the asymmetric unit; the light and
heavy chains are in green and red,
respectively. The phenylalanine

£(0,0,0) ) and leucine residues at the tip of

(M \ the H3 are indicated. (b) A packing
; diagram shows the arrangement of
Fab m18 molecules in the unit cell.

HERC2 Mol © H3, which is indicated with an

arrow, facilitates Fab-Fab inter-
actions in the crystal lattice.

and Ser15 in the framework of one of the heavy
chains E. All the outliers have well-defined electron
density. Not observed are the N-terminal residue of
each chain, three C-terminal residues of chain B,
and five C-terminal residues of chains D and E. Also
observed are 499 water molecules and three sulfate
ions from the crystallization buffer system.

Recently, the crystal structure of a broadly
reactive CD4bs antibody F105 has been reported.>
The structure of F105 also has an extended H3 with
a phenylalanine residue at position 100A. The
sequences and structures of CD4bs antibodies b12,
m18, and F105 are shown in Figure 3. Although the
framework of the variable domains displays
sequence similarities (Figure 3(a)), the H3s of
these antibodies exhibit distinct conformations
(Figure 3(b)). The conformational differences of
H3s and the arrangement of CD4bs residues of
gp120 might cause variations in binding affinities
and neutralizing activities.

Domain interactions and packing of interfacial
residues

The antibody-combining site is formed as the
result of association between Vi and V; domains,
and the amino acids at the interface of the domains
are responsible for the relative orientation of
hypervariable loops, which determines their
shape, properties, and specificity required for
antigen binding. The importance of the Vy-Vp
association in the diversification of antibody
repertoires prompted several investigations to
characterize the surfaces involved in their associ-
ation, the propensities of amino acid residues, and
packing interactions at the interface.*'** In order to
assess the role of the V—V;, domain interactions in
the m18 structure, we analyzed the interface formed
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by the domains and the interaction between the
residues at the surface. The total surface areas
buried between the Vi and Vi domains are 1770 A2
1730 A%, and 1760 A* for molecules A, B, and C,
respectively. These values are comparable to the
average value of 1570( £ 160) A? calculated from the
analysis of more than 200 Fab structures.*” Inter-
residue contact analysis carried out by applying the
distance criterion of being greater than the sum of
the van der Waals radii between two atoms, and the
packing analysis of side-chains at the interface,
were performed by SYBYL?.0 (Tripos Inc., St. Louis,
USA). Vi residues 136, L43, L46, L89, L91, L94, and
196, and Vy residues H39, H47, H52, H58, H95,
H100C, H100E-F, and H103 form the interface in all
three m18 molecules. Most of the residues, inclu-
ding L36, L46, .89, L91, and L96, and H39, H47, H95,
and H103, were already found at the interface and
are highly conserved among 23 structures of human
and murine antibodies.*® These residues appeared
also in the list of 20 residues that were proposed to
be involved in the Vy-Vy interaction by using a
three-layer packing model.*” Interestingly, we

found that the hypervariable loops in m18 contri-
bute more than 50% of all contacts at the interface.

All six hypervariable CDRs forming the anti-
body-combining site from the three Fab m18
molecules in the asymmetric unit are superimposed
and shown as C* traces in Figure 4(a). The
interactions between L3, H2, and H3 form the
major part of the Vyg—Vp interface. A unique
quadruple tyrosine motif consisting of Tyr94 and
Tyr96 from L3, Tyr52 from H2, and Tyr95 at the base
of H3 was found at the centre of the interface
between the Vi and Vi domains. This hydrogen
bonded network of tyrosine residues acts as a cradle
and might influence the conformation of H3
indirectly. Additionally, three water molecules are
buried at the Vy-Vy interface, and these water
molecules interact with framework residues from
both the Vy and Vi domains (Figure 4(b)). It
appears that water molecules at the Vi—Vy interface
play a substantial role in stabilizing the Fab
structure. The structure of Fab HyHEL-5 in complex
with its antigen hen egg-white lysozyme also has
three water molecules trapped at the interface

Figure 2 (legend next page)
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Figure 2. Stereoviews illustrating the electron density maps (2F,—F.) contoured at 1o for heavy chain hypervariable
loops (a) H2 and (b) H3 of m18. The protein is shown as ball-and-stick models with colored atoms (carbon gray, nitrogen
blue and oxygen red) and the electron density as green nets. The Figure was prepared using BOBSCRIPT.”®

between Vi and Vi, which do not interfere with the
binding of lysozyme.*®*’ There are three Fab-Fab
interfaces (Viy—Cpy1) in the crystal structure of m18,
and each has one sulfate ion at a conserved location
that makes contacts with Asn31 and Tyr33 of HI1,
and Ser128 and Lys129 of the Cyy; domain. Similar
interactions of sulfate ions were noted at the Fab-
ligand® and Fab-Fab' interfaces.

Canonical structures of CDR L1, L2, L3, and H1

The antigen-binding site of Fab is formed by six
hypervariable regions, three from the Vi domain
(L1, L2, and L3) and three from the Vi domain (H1,
H2, and H3), also called antibody-combining site,
which conforms to the epitope. To date, five of the
six CDRs have been shown to posses standard
main-chain conformations and were classified into
different canonical structures.”® The H3 motif has
no standard conformation, due to its variable

length. The loops are specified by the hypervariable
structural definition and numbered according to the
Kabat numbering scheme.” In the light chain of
m18, L1 (residues L24-1.34) is 11 residues long and
belongs to canonical structure 2. The canonical
structure 2 of the L1 region in the V, domain has
two forms, A and B, depending upon the peptide
conformation between residues L30 and L31. The
L1 of m18 has the A form and is packed against the
key residue at the framework position 71, which is a
conserved phenylalanine residue as found in other
V, human germline segments.”* There is a salt-
bridge connecting the side-chains of residues L28
(Asp) and L30 (Gln) at the tip of the L1. The side-
chains of Ala25, Ile29, and Leu33 point inward
within the L1, forming a hydrophobic core that
provides stability in lieu of the interstrand hydro-
gen bonds. L2 (residues L50-L56) belongs to the
category of canonical structure 1 and forms a
classical y-turn with the central residue L51 (Ala).
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Figure 3. (a) Amino acid sequences of variable domains for the heavy and light chains (Vg and Vi) of Fab m18 are
compared with those of the CD4bs antibodies b12 and F105. The six complementarity-determining regions (CDRs) are
shown in bold face. (b) The stereographic drawing represents the superposition of the variable domains (Vg and V) of
m18 (in blue), b12 (in red), and F105 (in green), and shows the aromatic residues on the apex of extended H3s.

Ala51 is flanked by two Ser residues and is found in
a strained conformation, having the ¢, ¢ angles of
+70°, —51°. The average ¢, ¢ values observed for
this type of three-residue turn are +75°, —60°.%
The backbone amide nitrogen atom of residue L51 is
engaged in a hydrogen-bonding interaction with
the carbonyl oxygen atom of residue L33 from L1.
L3 (residues L89-1.97) has canonical structure 1 and
is most commonly observed in the L3 region of V.
domains. The L3 motif makes a number of
intermolecular contacts with L1, including three
consecutive backbone hydrogen bonds between the

segments of loops containing residues L89-L91 and
L32-1L34. It also makes hydrogen bonds involving
the side-chains of residues L92 (Lys) and L93 (Arg)
to the backbone carbonyl oxygen atoms of residues
L27 and L30. In the heavy chain of mil8, Hl
(residues H31-H35) corresponds to canonical struc-
ture 1 and packs across the top of the variable
domain. There is a cation—7 interaction between
Tyr32 and the framework residue Arg94 at the
bottom of H3. The backbone amide and carbonyl
groups of Trp34 form a hydrogen bond with the
carbonyl and amide groups of Val51, respectively,
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from H2. The interactions of CDR loops between
themselves and to the framework regions stabilize
the antibody-combining site and might contribute
to the specificity of m18-gp120 binding.

Novel conformational features of CDR H2

The H2 motif (residues H50-H65) is 16 residues
long. Residues H56-H58 form the short C” strand,
and the variation in the conformation of H2 is
limited to residues H52 through H56. Insertions
occur at position H52, except for canonical
structure 1, and conformations of inserted residues
1-3 lead to different canonical structures of H2.
A superimposed view of residues H50-H58,
corresponding to the highly variable portion of
H2, from the three crystallographically indepen-
dent Fab m18 molecules is presented in Figure 5(a).
As Fab m18 does not have insertion at position 52,
it is expected to exhibit canonical structure 1.
However, it is significantly different. Although the

Figure 4. (a) The tyrosine resi-
dues at positions H94, H96, H52,
and H95 form a quadruple tyrosine
motif that connects L3, H2, and H3.
(b) Three water molecules buried
in the Vg—Vi interface (between
two B-hairpins from the Vy/Vp
frameworks) are shown as red
spheres.

conformation of H2 appears to be similar to
canonical form 1, it has a distinct, bulged B-hairpin
structure without any interstrand cross-linking
hydrogen bonds, which are present in all four
canonical structures of H2. The glycine residue at
position 55 is conserved in the three structures
used to define canonical form 1.°*> The comparison
of H2 structures of similar sizes from different
HIV-specific antibodies reveals a markedly diffe-
rent, bulged H2 conformation for m18
(Figure 5(b)). The reason for this bulge may be
the presence of Tyr52, which points into the
interior of the loop and hence sterically disfavors
the formation of interstrand hydrogen bonds
(Figure 5(a)). The phenolic oxygen atom of Tyr52
is hydrogen bonded to the amino group of an
asparagine residue at position 58.

Intriguingly, we observed that one of the three H2
CDRs in the asymmetric unit exhibits a different
conformation in the area of Gly55 (Figure 4(a)).
Although this conformational difference results in

Figure 5. (a) A superimposed
view of residues 50-58 of the H2s
from the three Fab m18 molecules
in the asymmetric unit. Hydrogen
bonds are denoted by dotted green
lines. (b) Superposition of the H2s
from various HIV antibodies based
on C* positions. The H2 of m18 is
blue and that for other HIV anti-
bodies are red.
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a 3.5 A distance between the C* positions of Gly55
in the two conformations, it does not affect the
characteristic hydrogen bond between residues
Tyr52 and Asnb8, and preserves the overall
conformational features of H2 newly observed in
the current structure (Figure 5(a)).

To understand the significance of this novel
conformation of H2, we analyzed the germline
sequences from the IMGT sequence database,” and
found that the H2 conformation is not due to
mutational effects derived from affinity maturation,
because residues Try52 and Asn58 are unchanged
when compared to the corresponding VH4 gene
family. Furthermore, many Vu sequences in the
NCBI sequence database™ share similarities with
the H2 sequence of m18. To date, the only structure
solved from the related Vi gene is Fab }7105,35
which also contains the tyrosine and asparagine
residues at positions 52 and 58, respectively
(Figure 3(a)). However, there is no hydrogen bond
linking the two residues, and Tyr52 is oriented out
of the loop. Therefore, the H2 of F105 belongs to the
regular canonical form 1. These findings suggest
that the H2 of m18 may form a new sub-class of
canonical form 1, whose defining feature is the
existence of residue Tyr52, which points into the
interior of the H2 loop.

Protruding, rigid, and long CDR H3 with
an a-turn motif at the apex

The H3 of m18 (residues H95-H102) is a 14
residue sequence with a six residue insertion after
position H100. Unlike many of the antibody
structures containing long H3 sequences that
usually exhibit severe disorders, the H3 structure
of m18 is well defined for all three molecules in the
asymmetric unit (for example, see Figure 2(b)). The
H3 motif, containing predominantly hydrophobic
residues, forms nearly a B-sheet structure with a
five residue a-turn at the apex where a B-turn is
most frequently observed. All side-chains of H3
residues in the three m18 molecules in the
asymmetric unit have similar conformations
(Figure 6). The large variations in sequence, size,
and structure of H3s Dpresent difficulties in defining
canonical structures.” However, certain empirical
rules for predicting the conformation of H3 on the
basis of the nature and location of key amino acid
residues have been formulated.”®®' The key
residues of framework at positions H93, H94, and
H101 are occupied by Ala, Arg, and Asp, respect-
ively, which predict a kinked base for H3 according
to the H3 rules. This prediction is consistent with
the H3 structure of m18, in that the dihedral angle
formed by four consecutive C* atoms ending with
H103 at the base is acute; the average value of this
angle is 25° for the three molecules of mlS8,
corresponding to the kinked (0-60°) structure. The
same set of key residues appears in the b12 and
F105 structures, forming dihedral angles of 12.4°
and 24.7°, respectively, which also indicate kinked
bases. The structural features of H3s observed in

Arg100A
‘\-;\

Gly100B

Pro100C

Figure 6. Superposition of m18 H3s of the three Fab
molecules in the asymmetric unit. The dotted lines
represent hydrogen bonds.

the antibodies m18, b12, and F105 are compared in
Figure 7. Apart from the kinked bases, the tips of
the three H3s have prominent hydrophobic resi-
dues. Although the H3 of m18 is shorter than that
of b12 by four residues, the height and extent of
projection from the antibody-combining sites are
very similar; the distances between the C* atoms of
HO94 at the base and H100 at the tip are 17.5 A and
18.2 A for m18 and b12, respectively. Notably, this
distance is only 13.3 A for the H3 of F105, although
it is one residue longer than that of m18. This is due
to the fact that bulges are present in the H3 of b12
and F105, whereas the H3 of m18 has an extended
structure, despite the presence of a proline residue
at H100C. Notably, the H3 of F105 has three proline
residues that might influence its conformation.
Among the three antibodies, the H3 of m18 has
cross-linking interstrand hydrogen bonds as
observed in a regular B-sheet structure, which
might exclusively confer rigidity to the loop. We
observe also that the side-chains of hydrophobic
(Phe, Leu, and Pro) and basic (His and Arg)
residues emanating from alternating sides of the
sheet pack against each other and act like a zipper,
which may provide more rigidity in addition to the
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Leu100

Arg100A
Gly100B

Asp100B

b12

Phe100A_ix—‘#

'Tyr100B

F105

Figure 7. Comparison of the conformation and hydrogen bonding pattern of the H3s from m18, b12, and F105.
Residues Arg94 and Trp103 from the framework regions play key roles in maintaining the H3 conformations according
to the H3 rules. Amino acid residues at the apex of the loops are labeled and the side-chains of other residues are omitted

for clarity.

interstrand hydrogen bonds (Figure 6). All these
interactions stabilize the H3 conformation, provi-
ding a high degree of rigidity. No significant lattice
contact is observed. Together, H3 appears to have a
spearhead at the crown of the loop bearing a
phenylalanine-leucine fork. This protruding and
rigid H3 loop of m18 antibody might have the
potential to plunge into the recessed CD4bs on
gp120 (details of the proposed recognition mecha-
nism using docking models of gpl120-m18
complexes are described later).

Structural mimicry of the CDR2-like C'C” region
of CD4 by the H3 of Fab m18

The most remarkable feature of the m18 structure
is the dominance of H3 in the antibody-combining
site, which adopts nearly a B-hairpin conformation
and closely resembles the Ig CDR2-like C'C” region
of CD4 first domain D1.°> The C'C” region of CD4
spanning residues 40-48 accounts for 63% of
interatomic contacts with gp120, where Phe43 at
the tip of the loop itself contributes up to 23%.%° The
H3 of m18 also contains a phenylalanine residue
(Phe99) exposed at the tip, which closely mimics the
hotspot residue Phe43 of the C'C” loop in CD4
(Figure 8). The H3 of m18 has a five residue a-turn
motif, which is sturdy and invariably has a
functional role in molecular recognition.®® The
dominant structural role of Phe43 of CD4 as

a hotspot in the binding of gp120 suggests a likely
functional role for m18 residue Phe99 as a CD4
mimetic. The striking similarities at the phenyl-
alanine residue and robust B-sheet features
observed in these loops suggest possible protein
grafting of H3, mimicking the CDR2-like C'C" loop

&"

; Phe99 ? é”
2 Dy -Sr"

(""
»

< (/\/

CDR-H3 of m18

C'C" of CD4

Figure 8. Backbone skeletal representations of the C'C”
loop of CD4 and the H3 of m18 indicate B-hairpin motifs
as a common template, with a phenylalanine residue
exposed at the tip.
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of CD4, which might offer a strategy for developing
antibody-based CD4 mimetics to inhibit HIV entry.

Docking of Fab m18 to CD4-bound
and CD4-free gp120

To assess the ability of m18 H3 to approach the
recessed CD4bs and to understand the structural
mechanisms of m18 binding to gpl120, we per-
formed docking studies based on the gp120-CD4
interfacial cavity information®® and the locations of
conserved neutralizing epitopes overlapping the
CD4bs of gp120.''® The knowledge of confor-
mational changes at CD4bs from the known crystal
structures of the HIV-1-gp120 complex®® and the
unliganded simian immunodeficiency virus (SIV)
gp120,°® which have more than 70% sequence
similarity to HIV-1, along with the established
rules for antigen—antibody interactions that are
limited to the CDRs of the antlbody, 64 offers the
opportunity to explore the probable binding modes
in the m18-gp120 complex. Using the FTDOCK step
in the 3D-Dock program, 10,000 docked complexes
were obtained on the basis of the surface and charge
complementarity scores. The rpscore routine, which
scored and sorted the docking solutions, was used
to calculate the residue pair potentials. The final
step of 3D-Dock is filtering, for which we used an
intermolecular distance constraint on the basis of
available biochemical information. In the bound
gp120 crystal structure, CD4bs is located in a
depression formed at the interface of outer and
inner domains with the bridging domain. From
earlier mutagenesis studies, it was found that the
changes in Asp368 and Glu370 uniformly disturbed
the binding of CD4bs antibodies to gp120, and the
change in Trp427 affected the b1nd1 ng of only a few
CD4bs antibodies, including b12.""'® We measured
the binding of gp120 alanine-scan mutants to m18
and correlated the conservation of amino acid
residues in 380 isolates with the relative energy of
m18 binding (Table 2). One might expect that the
m18 H3 plays a role in gp120 recognition. Thus, a
single intermolecular distance constraint involving
residue Trp427 at the bottom of recessed CD4bs and
residue Phe99 at the tip of H3 was employed and
possible docked orientations for the m18-gp120
complexes with bound and free forms of gp120
were identified (depicted in Figure 9(a) and (b),
respectively). As shown in Figure 9(a), Fab m18
binds to the bound form of gp120 in approximately
the same region as CD4; i.e. between the outer and
inner domains, which are connected by a four-
stranded bridging sheet. The Fv portion of m18,
containing two immunoglobulin domains Vi and
VL, rotates ~45° with respect to the CD4 orien-
tation, thereby increasing the geometric fit and
avoiding steric clashes due to its increased size
compared to the D1 domain of CD4 A total solvent-
accessible surface area of 2080 A is buried in the
m18-gp120 interface (1010 A% from gp120
and 1070 A? from m18) and these values are similar
to those in the docking model of the gp120-b12

complex (total surface 2070 A?, mCludmg 1030 A2
on gpl20 and 1040 A% on b12).2* Figure 9(b)
illustrates the mode of m18 binding to CD4-free
gp120 as seen in the recent crystal structure of SIV
gp120 As shown in Figure 9(a) and (b), the m18
H3 can reach the center of the outer domain of both
free and bound forms of gpl120 without steric
restraint. In the docking model of the free gp120-
m18 complex, a total interface area of 1460 A? is
buried between gp120 and m18 (680 A2 from gp120
and 780 A? from m18), which is similar to the
1540 A% of the gp120 CD4 interface (800 A2
from gp120 and 740 A? from CD4).*® On the basis
of these docking models, we suggest that the CD4-
binding loop in the bound as well as the free forms
of gp120 could contact the H3 of m18.

Comparisons of the binding sites of m18
and CD4 on gp120

The Fab m18 binding sites on gp120 in the two
docked complexes are superimposed in
Figure 10(a). Contact residues (distance cutoff
<45A) at the binding interface were identified
(the complete list of contact residues in the two
docked complexes is given in Table 3). A common
interaction pattern is found in the two m18-gp120
docking models (Figure 10(a)), which is observed
also in the gp120-CD4 structure (Figure 10(b)).
Residue Phe99 at the tip of H3 approaches the
backbone atoms of Trp427 in gpl20 (Trp440 in
unliganded SIV gp120, Figure 10(a)) in a manner
similar to the CD4 hotspot residue Phe43
(Figure 10(b)). Furthermore, the m18 H3 residue
Argl00A makes a hydrogen bond with Asp368 of
gpl20 (Asp384 for unliganded SIV gp120)
(Figure 10(a)), which mimics another hotspot
interaction between Arg59 of CD4 and Asp368 of
gp120 (Figure 10(b)). Residues Glu386 and Val430
are located at the interface of the docked m18-gp120
complexes (Figure 10(a)) and are present also at the
CD4-gp120 interface (Figure 10(b)). The solvent-
accessible area surrounding the Phe43 cavity in the
docked m18-gp120 complex (with the gp120 bound
form) is shown in Figure 10(c) and compared with
the CD4-gp120 structure (Figure 10(d)). In agree-
ment with the docking model, alanine mutation of
Asp368, Pro369, and Glu370 in HIV-1 gp120
completely abolished binding to m18 (Table 2) as
well as to CD4bs antibodies b12 (except for Pro369)
and m14."* The residues identified from muta-
genesis studies (Gly367, Asp368, Pro369, Glu370,
Lys429, Asp474, and Met475 in HIV-1 gp120 and the
equivalent SIV gp120 residues Asp384, Glu386, and
Lys442) along with Pro385 appear at the interface.
Many of them are highly conserved (Table 2) and
make direct protein—protein contacts in the docked
m18-gp120 complexes (Table 3). The same set of
gp120 residues in direct contact with m18 has been
identified in the two docked complexes, including
Asp368, Glu370, Trp427, Lys429, and Val430 in HIV-
1 and Asp384, Glu386, Trp440, Lys442, and Val443
in SIV (Table 3). Among these residues, Trp427 and
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Table 2. Binding of m18 to alanine scan mutants of JR-CSF gp120

gp120 Conservation  Relative gp120 Conservation  Relative

Mutant® domain® (%)° affinity® Mutant® domain® (%)° affinity”

Wild-type 100 P417A C4 (V4 base) 79 92

C119A 99 48 R419A C4 (V4 base) 81 56

V120A 98 56 1420A C4 97 150

K121A C1(V1/V2 91 114 K421A C4 91 38
stem)

L122A C1(V1/V2 94 72 Q422A C4 98 112
stem)

T123A° C1(V1/V2 99 59 1423A C4 92 251
stem)

L125A° C1(V1/V2 98 170 1424A C4 65 163
stem)

VI127A C1(V1/V2 99 135 N425A¢ C4 85 109
stem)

T198A C2(V1/V2 86 70 M426A° C4 82 118
stem)

S199A° C2(V1/V2 94 32 W427A° C4 98 104
stem)

V200A C2(V1/V2 42 136 Q428A° C4 95 118
stem)

1201A C2(V1/V2 89 88 E429A° C4 40 14
stem)

T202A C2(V1/V2 76 85 V430A° C4 86 274
stem)

Q203A C2 99 66 G431A C4 96 151

A204G C2 97 237 K432A C4 42 88

K207A" 2 98 25 M434A C4 84 95

S256A° C2 97 75 Y435A° C4 99 164

T257A° C2 99 48 P437A C4 94 96

R298A C2 99 129 R469A V5 97 35

W338A c3 98 678 P470A V5 98 38

N339A C3 72 49 G471A V5 84 136

P363A c3 31 4 G472A C5 98 25

S365A° c3 85 69 G473A° C5 98 119

G366A° C3 98 62 D474A° C5 71 18

G367A° C3 99 45 M475A C5 90 26

D368A° c3 99 0 R476A c5 74 258

P369A° C3 42 0 D477A C5 94 59

E370A° c3 99 0 W479A C5 99 22

Y384A c3 98 3 AV1 A134-154 212

N386A C3 90 3 AV1/V2 A134-154/ 67

A160-193
N392A V4 93 33 AV3 A303-324 394

* Residue numbering scheme is based on the sequence of prototypic HxBc2 gp120 glycoprotein. Mutants with more than a twofold

decrease of m18 are highlighted in bold face.
b C, constant domain; V, variable loop.

¢ Conservation was calculated as a percentage of the HIV-1 isolates that had the same residue at the same position with respect to a

total of 380 isolates sequenced.

4 Calculated using the formula [apparent affinity (wild type)/apparent affinity (mutant)] X 100%, where apparent affinities were
calculated as the antibody concentration at 50% of maximal binding.

¢ Residues that exhibit decreased solvent accessibility in the presence of sCD4 (D1D2) in the ternary complex.

f Residues involved in maintaining the overall structure of gp120.

Val430 are involved also in the binding of CD4. The
gp120 residues shown in italics in Table 3 denote
the critical residues for m18 binding, as indicated by
the mutagenesis experiment, and those underlined
participate in CD4 binding according to the gp120-
CD#4 structure. These observations indicate that the
epitope of Fab m18 significantly overlaps the CD4bs
on gpl20. The main difference between the two
docked complexes is the involvement of the V1-V2
stem region for the binding of ml18. In the
unliganded form, the V1-V2 stem is recessed in
the cavity and does not make any contact with m18.
However, for the bound form of gp120, residues
from the V1-V2 stem are involved in the binding of

m18. This is likely the correct mode of interaction,
because one of the residues in the V1-V2 stem is
implicated also in the CD4 binding, and antibody
b12is also sensitive to the V1-V2 mutations; binding
of CD4 or other CD4 mimics moves the tip of V1-V2
stem over a distance of approximately 40 A >
According to the results from critical assess-
ment of predicted interactions (CAPRI) experi-
ments, most of the failures in docking predictions
are mainly due to unexpected, large confor-
mational changes that occur during the binding
process.®® In the case of gp120, it has been shown
that conformational change upon the binding of
CD4 has a footprint similar to that of CD4bs
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(a) gp120 (CD4-bound form)

CD4-binding loop

Bridging sheet CDR-H3

(b) gp120 (unliganded form)

CDR-H3

antibodies. Biochemical data generally address
the binding residues for one component and
often lack the pair-wise contacts or mode of
binding between the two. But in the antibody-
antigen complex, antibody binds to antigen
mainly through the hypervariable loops, which
gives reasonable constraints in the docking
experiments. Applying such constraints by speci-
fying the CDR residues in the intermolecular
distance filter was found successful in the
docking predictions for 13 out of 15 antibody-
antigen complexes.”” Rarely, antibodies employ
lateral contacts with mostly framework regions,
as found in the two camel antibodies with the
Vup domain in complex with a-amylase, for
which the antibody-antigen interactions could
not be predicted correctly.®® For m18, the H3
motif is long and protruding to reach deep into
the cleft formed at the CD4bs. As is shown in
Table 3, ml18 could use different residues in
the CDR loops, specifically in H3 that mimics the
CDR2-like C'C" loop of CD4. Most of the
paratope residues of ml8 are predicted to be
exposed and involved in the antigen binding
from contact analysis.®*

Figure 9. (a) Docking of m18 onto
the CD4-bound form gp120. The
gp120 molecule is shown in red and
m18 in blue. Residues Trp427 of
gp120 and Phe99 of m18 H3 are
shown as ball-and-stick models.
(b) Docking of m18 onto unligan-
ded gp120. The gp120 molecule is
shown in green and m18 in blue.
Residues Phe99 of m18 H3 and
Trp440 of gp120 are shown as ball-
and-stick models.

The proposed m18-gp120 model complex has a
good structural complementarity and is in
agreement with mutagenesis data that identify
neutralizing epitopes on gp120. The model, along
with biochemical data, implies that Fab ml8
recognizes a conserved neutralizing epitope at
the gp120 surface which, in part, overlaps the
CD4bs of HIV-1 gp120. The availability of gp120
crystal structures in free and bound forms, and in
complex with CD4 mimics, rationalizes the
requirement for appropriate conformational
changes in gp120 upon ml18 binding. Antibodies
often do not undergo significant conformational
changes upon antigen binding, except for changes
in the side-chains and flexible loops. Although
the conformational changes and binding modes
need to be verified by further analysis and
experiments, the present docking model is
compatible with biochemical data and useful in
explaining the recognition mechanisms. Further,
the model shows the potential of m18 H3 to
approach the recessed CD4bs of gpl20, and
suggests strategies for optimizing binding affinity
and developing antibody-based CD4 mimetics for
gp120 binding.
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(a) Asp384
Glu3g6

Glu370

Arg100A

2 Val443
Trp427

()

m18 (V,,and V,)

Glu370

Asp368

Trp427

Val430

Figure 10. Comparisons of the binding sites of m18 and CD4 on gp120. (a) Superposition of the m18 binding sites from
the two docked m18-gp120 model complexes. The binding residues of bound gp120 and free gp120 in the docking
models are shown in red and green, respectively; the m18 H3 and the side-chains of Phe99 and Argl00A in the docking
models are in blue. (b) The CD4bs on gp120 as observed in the complex structure is depicted. The C'C” loop of CD4 is
shown in cyan and gp120-binding residues in red. The dotted lines represent the intermolecular interactions between the
residues. (c) and (d) The Phe43 cavity in m18 (in blue) and that in the CD4 D1 domain (in yellow) are surrounded by the
accessible surfaces on the gp120 as observed in the m18-gp120 docking model and the CD4-gp120 crystal structure,
respectively. Residues Phe99 of m18 and Phe43 of CD4 are shown as space-filling models.

Conclusions

We have determined the crystal structure of Fab
ml18, an HIV-specific CD4bs antibody, at high
resolution, and found novel conformational
features in the H2 and H3 motifs. The H2 motif
has a bulged conformation without interstrand
hydrogen bonds and represents a sub-class of a
canonical structure. The rigid and protruding H3
adopts a P-hairpin-like structure with a phenyl-
alanine residue at the apex. A quadruple tyrosine
motif, conserved water molecules, and sulfate ions

have been identified at the domain interfaces of the
m18 structure. The m18 H3 is strikingly similar to
the Ig CDR2-like region of the CD4 D1 domain and
contains residue Phe99 mimicking the hotspot
residue Phe43 of CD4, which plays a critical role
in the formation of the gpl20-CD4 complex.
Docking simulations of the m18-gp120 complex,
taking into account experimental mutagenesis data,
predict significant resemblance of the interactions
observed in the gp120-CD4 complex. These results
suggest that m18 mimics some structural features of
CD4, and predict a decreased likelihood for gp120
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Table 3. Contact residues within 4.5 A at the interfaces between m18 and gp120 in the docked complexes of m18 with

CD4-bound and CD4-free gp120, respectively

Bound gp120 (28,1005 A%)

m18 (25,1074 A?)

His105, I1e109 (a1)

Cys126, Val127, Gly128, Alal129, Gly194, Ser195, Cys196 (V1V2)
Asp279, Asn280, Ala281 (LD)

Gly366, Gly367, Asp368, Glu370 (B15)

Met426, Trp427, GIn428, Lys429, Val430 (320-p21)

Gly459, Asn460, Asn462 (V5)

Gly473, Asp474, Met475, Arg476 (a5)

Lys31 (CDR-L1)

Tyrd9 (Vy-FR2)

Lueb54, GIn55, Ser56, Gly57, Val58 (CDR-L2)

Pro59, Ser60, Arg6l (Vy-FR3)

Arg93, Tyr94, Pro95 (CDR-L3)

Thr57, Asn58, Tyr59, Asn60, Pro61 (CDR-H2)

Arg97, His98, Phe99, 11100, Argl100A, Gly100B, Pro100C
(CDR-H3)

Free gp120 (17,681 A?)

m18 (16,789 A?)

Asp384, Pro385, Glu 386, Val387, Thr388, Phe389 (B15- a3)
Tyr400 (B17)

Arg434, [le436, Asn438, Thr439, Trp440, His441, Lys442, Val443,
Lys445, Val447 ($20-B21)

Lys31 (CDR-L1), Ser50, Ser52, Thr53 (CDR-L2)
Asn30, Asn31, Tyr32, Tyr33 (CDR-H1)
Asp53 (CDR-H2)

His96, Arg97, His98, Phe99, 11100, Arg100A, Leul00D
(CDR-H3)

Number of contact residues and the buried surface area (A?) from each interacting partner upon complex formation are given in
parentheses. The binding residues that are the same in the two docking models of gp120-m18 complexes are shown in bold face. The
gp120 residues identified as critical for binding to m18 from mutagenesis studies (Table 2) are given in italics and those that are involved
in the CD4 binding as observed in the crystal structure of gp120-CD4-17b complex are underlined.

escape mutants compared to other antibodies with
same affinity but recognizing epitopes that are
dissimilar to the CD4bs. Such escape mutations,
which affect the binding of m18 and CD4 simul-
taneously, could lead to lower binding affinity of
gp120 to both m18 and CD4, and the virus could
lose the ability to replicate if the reproduction ratio
falls below 1. In an ideal situation of complete
mimicry, the energy profile of gpl20-antibody
binding would be identical with that of the receptor,
and mutations that lead to neutralization escape
mutants would adversely affect the binding to CD4
and the efficacy of virus entry. Thus, m18 and
similar antibodies could have potential as effective
HIV inhibitors.

Materials and Methods

Preparation of anti-HIV Fab m18, crystallization
and data collection

The Fab m18 was previously selected from a human
phage-display library by sequential antigen panning
(SAP) against different soluble HIV-1 Envs and the Env
complexes with soluble CD4 (sCD4).2! The Fab was found
to bind with high affinity to different Envs, and exhibited
cross-reactive HIV neutralizing activity. The anti-HIV Fab
m18 was produced by standard procedures® and a
protein G (Amersham) column was used for purification.
The m18 protein was finally exchanged in 50 mM Tris—-
HCI (pH 7.5) with 100 mM NaCl and concentrated to
10 mg/ml. The alanine-scan mutants of gp120 and the
assay used to measure their binding to m18 have been
described,'” and the experiments were performed
in Dennis Burton’s laboratory (The Scripps Research
Institute).

Initial screening of crystallization conditions was
performed with several screens from Hampton Research
(Laguna Niquel, CA) and Wizard Screen (deCODE
genetics, Bainbridge Island, WA). A ‘Hydra II Plus’
(Matrix Technologies, Hudson, NH) crystallization robot

was employed to set the screens with the sitting-drop,
vapor-diffusion method at room temperature.
Rod-shaped crystals of m18 from 100 mM Ches buffer
(pH 9.5) and 20% (w/v) PEG-8000 appeared in two to
three days. The diffraction data were collected at the
home laboratory using a Rigaku rotating anode X-ray
generator and a MAR345 image plate. The crystal was
found suitable for X-ray diffraction with cryoprotectant
consisting of well solution and 20% glycerol and
diffracted to 2.03 A resolution. Data were processed
and scaled with the HKL2000 program.” The crystal
belongs to space group P2; with unit cell dimensions 2=
48.59 A, b=82.62 A, c=187.20 A, and B=95.26°. There are
three Fab molecules in the asymmetric unit and the
Matthews coefficient is estimated to be 2.6 A3Da"},
corresponding to a solvent content of 52.4% (v/v).

Structure solution and refinement

The structure of Fab m18 was solved by molecular
replacement using AMoRe.”’ The amino acid sequences
of constant domains (Cy and Cyyp) of m18 are identical
with that of b12?% and X5,%%%° except for two residues in
each domain. But, the variable domain of m18 shares only
about 50% of sequence identity with b12 and X5. The
initial attempts at finding a solution using the whole Fab
molecule of either b12 or X5 as search models failed. Since
the variable and constant domains in each chain of Fab
are connected by a flexible elbow region, the relative
orientation of the two domains can vary. In such cases, the
molecular replacement attempts with search models of
individual domains have been proven successful.”! For
Fab m18, the constant domains of both light and heavy
chains (Cy and Cyy;) of b12 were used as the search model.
Three distinct solutions corresponding to the three Fab
molecules in the asymmetric unit were obtained, two of
them had the same correlation coefficient (22.9) and R
value (50.9), while the correlation coefficient and R value
for the third solution were 22.3 and 51.0, respectively, for
the X-ray data ranging from 15 A to 2.5 A. Crystal packing
analysis showed the coherent ordering of the three
molecules containing constant domains and possible
spatial locations for the variable domains without any
clashes.
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The initial model with three molecules of constant
domains_was subjected to rigid body refinement
(30-2.03 A) and the R value was 45.7% at that stage. As
mentioned earlier, the variable domains of m18 share a
sequence similarity to bl2 of 46.3%. Interestingly, a
BLAST search against m18 F, sequence reveals that the
F, portion of a human IgM cold agglutinin, of which the
structure is available, shares 64.2% identical sequence
with the m18 F,.”* The calculated electron density maps
were of good quality and facilitated the construction of
variable domains with the guidance of the cold agglutinin
Fv structure. Model building was performed with 07
and subsequent refinement with CNS.”* Each cycle of
refinement was done with global B-value corrections and
bulk solvent corrections. Several cycles of refinement and
model building allowed proper fitting of the side chains
of F, residues and de novo modeling of CDR loops on the
basis of 2F,—F. and F,—F_ electron density maps. When
the refinement was about to complete with an R value of
25%, water molecules were included by the water-picking
routine of CNS,”* and reasoned with electron density and
geometric criteria. Three sulfate anions from the Ches
buffer were identified unambiguously in the Fab-Fab
interfaces from the F,—F. map. Cross-validation was
carried out with a randomly selected test data set of 4.3%
of the total number of reflections. The programs
PROCHECK” and WHATIF”® were used to assess the
stereochemical quality of the final model.

Docking simulations of the gp120-m18 complexes

The Fab m18 was docked onto the CD4bs of gp120 in
both CD4-bound and CD4-free forms using the 3D-Dock
suite of programs.”” The conformation of unliganded SIV
gp120 was assumed to be the conformation of HIV gp120
in its CD4-free form for the purpose of docking
predictions. The gp120 molecule was considered as the
static unit and m18 as the mobile unit. The docking
procedure was composed of three steps. First, the
FTDOCK module globally scanned rotational and
translational space (with the use of default grid size 234,
surface thickness 1.3 A, and angle step 3°) for possible
orientations of the two molecules (gp120 and m18) in the
complex, which were limited by surface complementarity
and electrostatic scores, resulting in a total of 10,000
different complexes. Second, empirical scores for the
model complexes, using residue level pair potentials
(rpscore), were calculated. Third, the filtering of
complexes was performed on the basis of the structural
and biochemical data. In both docking simulations, the
intermolecular distances involving the m18 epitope on
gp120 and the H3 residues of m18 were incorporated into
the filtering step as constraints. Specifically, the distance
constraint between residue Trp427 of the bound form
gp120 (Trp440 in the free form SIV gp120) and residue
Phe99 at the tip of the ml18 H3 was used as an
intermolecular constraint for the identification of a
gp120-m18 complex. In the docking experiment of m18
with the bound form of gpl20, the distance filter
involving the H3 residue Phe99 of m18 and the entire
gp120 structure brought the number of predictions from
10,000 to 1073. Further filtering with the involvement of
Trp427 selected only two complexes, one of which had a
positive rpscore value of 0.870 and was ranked the 160th
among the 10,000. The same filtering procedure was
applied in the docking experiment of m18 with the free
form of gp120, resulting in seven complexes, of which the
top solution was ranked the 42nd among the 10,000. The
conformation of side-chains at the interface was

optimized for favorable contacts with the use of a rotamer
library in the program 0.7
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